Introduction
Endothelial dysfunction is characterized by a reduction of the bioavailability of vasodilators, in particular, nitric oxide (NO), whereas endotheliumderived contracting factors such as endothelin and prostaglandins are enhanced 1) . An imbalance among these factors represents the impairment of the endothelium's ability to fulfill one of its integral roles. Such endothelial dysfunction is associated with impaired maintenance of vascular homeostasis other than vascular tone, and is likely to be involved in the early stage of the development of atherosclerosis and the progression of inflammatory, atherosclerotic plaques. The status of endothelial function in individuals may reflect their propensity to develop atherosclerotic disease. Namely, the degree of endothelial dysfunction may serve as a marker of an unfavorable cardiovascular prognosis, and may be central to the pathogenesis of cardiovascular diseases 2) . A1c levels. For the estimation of insulin sensitivity, a homeostasis model assessment of insulin resistance (HOMA-IR) was calculated. Plasma total adiponectin concentrations were measured by sandwich ELISA (Otsuka Pharmaceuticals, Tokyo, Japan). The study was approved by the ethics committee of Chunichi Hospital and was undertaken in accordance with the Declaration of Helsinki. Written informed consent was obtained from all subjects.
Determination of Cholesterol in Lipoproteins by an HPLC System
Plasma lipoprotein separation was performed using an HPLC system as described by Okazaki and colleagues 9, 10) , and the cholesterol concentrations were determined with a commercial kit by continuous monitoring of the effluent from the column after an online enzymatic reaction had been carried out. According to the lipoprotein particle size, three very low-density lipoprotein (VLDL) subclasses (large VLDL, 44.5-64 nm; medium VLDL, 36.8 nm; small VLDL, 31.3 nm), four LDL subclasses (large LDL, 28.6 nm; medium LDL, 25.5 nm; small LDL, 23.0 nm; very small LDL, 16.7 nm), and five high-density lipoprotein (HDL) subclasses (very large HDL, 13.5-15.0 nm; large HDL, 12.1 nm; medium HDL, 10.9
In terms of vascular endothelial function, flowmediated dilation (FMD) at the brachial artery has been measured as a non-invasive endothelial function test. This test was introduced by Celermajer et al. using high-resolution ultrasound 3) . This approach has been extensively used in the literature as a tool for evaluating endothelial dysfunction in humans; however, standardization of its methodology must precede its clinical application. The reproducibility of FMD of the brachial artery assessed by ultrasound is not satisfactory in certain laboratories, and this is likely to render the measurements inaccurate for clinical research 4, 5) . Recently, digital peripheral arterial tonometry (PAT) has emerged as an alternative clinical tool for measuring endothelial function. This method determines finger arterial pulse wave amplitude and assesses the peripheral vasodilator response after brachial ischemia as an indicator of endothelial function 6) . Lipoproteins are a heterogeneous group of particles that differ in terms of their physicochemical properties and biological behaviors. Increasingly, attempts have been made to improve the evaluation of lipoproteins by considering particular subfractions of plasma lipids; in particular, low-density lipoprotein (LDL) subclasses of atherogenic lipids and lipoproteins 7, 8) .
Recently, HPLC with a gel permeation column has been established as an alternative method for classifying and quantifying lipoproteins on the basis of differences in particle size.
In the present study, we investigated the potential associations between lipoprotein subclass cholesterol concentrations and endothelial dysfunction evaluated by digital reactive hyperemia PAT.
Methods

Study Subjects
The participants were apparently healthy subjects who visited Chunichi Hospital in Nagoya for an annual routine checkup. A total of 120 Japanese men (aged 30-71 years; mean, 53 years) who had no history of cardiovascular disease and were not taking any medication, including medication for hypertension, dyslipidemia, or diabetes, were recruited for the present analysis. Sitting blood pressure was measured using an oscillometric non-invasive blood pressure monitor (BP-103iII; Colin, Komaki, Japan) after 15 minutes. Venous blood samples were collected for chemical analysis at approximately 8 AM after a 12-to 14-hour fasting period.
Standard assays were used to measure serum concentrations of insulin, glucose, and high-sensitivity C-reactive protein (hsCRP), as well as hemoglobin 
Statistical Analysis
Statistical analysis was performed using PASW Statistics Version 18.0 (SPSS Inc., Chicago, IL). Continuous variables were tested for normal distribution by the Kolmogorov-Smirnov test. When data were not normally distributed (i.e., fasting insulin, HOMA-IR, hsCRP, and adiponectin concentrations), they were logarithmically transformed before the statistical analysis was performed. With regard to RHI, the Kolmogorov-Smirnov test showed p=0.18 for the distribution of RHI, but the comparison using the RHI value was performed after logarithmic transformation because the RHI value was reported not to be normally distributed 12) . Stepwise multiple linear regression analysis was used to test the independent relationship of the measured variables to RHI. Collinearity testing was used to avoid including interdependent model variables. The significance levels for entering and removing an explanatory variable were set at 0.05 and 0.10, respectively. A value of p＜0.05 was considered significant. nm; small HDL, 9.8 nm; very small HDL, 7.6-8.8 nm) were identified 9) .
Measurement of Endothelial Function by a Fingertip PAT Device
Subjects had fasted overnight and refrained from smoking. Digital pule wave amplitude was measured on the index finger of each hand using an Endo-PAT2000 for PAT (Itamar Medical Ltd, Caesarea, Israel) in a quiet room with a controlled temperature (24-25 ℃) in the morning. The device was able to continuously record pulse wave amplitude in the digital arteries, and after a blood pressure cuff on the test arm was inflated to 200 mmHg or 60 mmHg above baseline systolic blood pressure for 5 min, the cuff was deflated, inducing finger reactive hyperemia. The ratio between the PAT signal after cuff release and that at baseline was calculated, and the reactive hyperemia index (RHI) was obtained by normalizing the obtained ratio further compared with the changes in the PAT of the contralateral arm. The procedure and analysis were performed automatically through a programed computer algorithm 11) . 2 show the clinical and biochemical characteristics of the participants in this study. Of the study subjects, there were 11 with hypertension (systolic BP ≥ 140 mmHg and/or diastolic BP ≥ 90 mmHg), 37 with hypercholesterolemia (＞5.7 mmol/ L), 16 with LDL hypercholesterolemia (＞3.6 mmol/ L), 17 with HDL hypocholesterolemia (＜1.0 mmol/ L), and 30 with hypertriglycedemia (＞1.7 mmol/L). There were 30 subjects with obesity (body mass index (BMI) ≥ 25 kg/m 2 ), 60 with central obesity (waist circumference ≥ 85 cm), and 7 with diabetes mellitus diagnosed by an oral glucose tolerance test (OGTT).
Results
Tables 1 and
In univariate analyses, RHI was the parameter most closely and inversely related to age (r =−0.258, p = 0.004), followed by LDL cholesterol (r =−0.236, p = 0.010) and small LDL cholesterol (r =−0.223, p = 0.014). In addition, RHI was significantly and inversely associated with heart rate, hemoglobin A1c, total cholesterol, medium LDL cholesterol, apolipoprotein B100, and non-HDL cholesterol ( Table 3) .
For multivariate reevaluation of univariate correlations, all variables given in Table 3 were entered in stepwise multiple linear regression analysis as independent variables in order to examine the significant contributors to the distribution of RHI. Stepwise multiple linear regression analysis revealed that age (β=−0.266, p = 0.024), small LDL cholesterol (β=−0.213, p = 0.015), and heart rate (β=−0.183, p = 0.036) were independent predictors for determining RHI by PAT (adjusted R 2 = 0.132, p＜0.001, Table 4 ). It is noteworthy that only small LDL cholesterol emerged as an independent determinant of RHI among lipoprotein subfractions. Fig. 1 shows the relationship between small LDL cholesterol concentration and endothelial function presented as RHI assessed by PAT.
Discussion
In the present study, we demonstrated that in apparently healthy men, age, small LDL cholesterol concentration, and heart rate emerged as independent factors that contributed to explaining the variance in RHI. RHI was recently introduced as an alternative tool to measure endothelial function using PAT of the digital arteries instead of FMD. FMD is able to assess flow-dependent dilation of the brachial artery as a non-invasive endothelial function test using high-resolution ultrasound, and it is clinically beneficial for identifying the presence of endothelial dysfunction in high-risk populations 3, 13) . This approach is thought to assess endothelial function by using a stimulus of ＊ Logarithmically transformed. BMI, body mass index; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin A1c; HOMA-IR, homeostasis model assessment of insulin resistance; hsCRP, high-sensitivity C-reactive protein; VLDL, very low-density lipoprotein; HDL, high-density lipoprotein; LDL, low-density lipoprotein. Correlations are presented with RHI after logarithmic transformation.
therefore, such lipoproteins are potential pharmacological targets to prevent the progression of atherosclerosis and coronary heart disease. Recently, HPLC with a gel permeation column was established as an alternative method for classifying and quantifying lipoproteins on the basis of differences in particle size 9, 21) . By applying HPLC followed by mathematical treatment of a chromatogram, several smaller fractions of HDL and VLDL as well as LDL can be identified according to the lipoprotein particle size, and the cholesterol and triglyceride concentrations involved in each fraction can be determined. We also compared the triglyceride concentrations in lipoprotein subclasses, but did not obtain any independent, significant relations with RHI superior to that of cholesterol concentration (data not shown).
The abundance of small LDL particles is reported to be the most atherogenic lipoprotein profile and is superior to other atherogenic dyslipidemias such as high levels of LDL cholesterol and low levels of HDL cholesterol 7) . Initially, small LDL particles were evalushear-mediated activation of endothelial NO synthase (eNOS) after forearm hyperemia produced by the release of a forearm cuff, and the approach has been used by numerous groups throughout the world to monitor endothelial function.
RHI and FMD can represent microvascular reactivity in fingertip arteries and macrovascular reactivity in the brachial artery, respectively. Several studies have reported that a new, alternative procedure estimating endothelial function using digital PAT correlated with FMD 14, 15) ; however, Dhindsa et al. showed that the correlation between endothelial functions by the two methods is only r = 0.47, and is not significant in more than 75% of subjects 16) . They concluded that this is not surprising because the physiological mechanisms regulating reactive hyperemic responses differ between the two methods. Both methods were modestly correlated with classical cardiovascular risk factors, but might reflect different pathologies because of a different relationship to risk factors 17) . The advantages of RHI over FMD include its higher reproducibility and its ease of use; with FMD, several technical problems have been encountered during measurement 18) . Previous studies evaluated by digital reactive hyperemia using PAT show that attenuated RHI is associated with ischemic heart disease in women even with vasospastic angina and non-obstructive coronary artery disease 19) . In addition, RHI is strongly affected by lowering HDL cholesterol and apolipoprotein A1, smoking 20) , and the presence of carotid intima media thickness 12) . In this study, the reasons for the failure of a significant effect of cumulative pack-year consumption are that current smokers were not identified and asked to refrain from smoking within twenty-four hours of the measurement. Since the assessment of reactive hyperemia using digital PAT is relatively new and can be used to evaluate endothelial function, it is expected to be used to predict the development of atherosclerosis and latent cardiovascular disease in future studies and clinical trials.
It is well known that certain circulating lipoproteins are associated with promoting atherosclerosis; Table 3 were entered in stepwise multiple linear regression analysis as independent variables. Collinearity testing was used to avoid including interdependent model variables. P values for entry and removal, 0.05 and 0.10, respectively. was inversely and independently associated with age and heart rate. So far, the association between FMD and heart rate have not been well investigated. Mental stress induced by an arithmetic test resulted in an increase in heart rate and endothelial dysfunction 28) . Mental stress is a factor in the increase of sympathetic activation. Baseline pulse amplitude of PAT is highly dependent on sympathetic tone 29) . Since sympathetic activity is already increased in overweight and obese men, the RHI seemed to be attenuated in response to ischemia 30) . Our finding of a significant relationship between RHI and heart rate might be attributed to sympathetic activity. This study is limited by the small number of subjects and by a lack of comparison with the results of FMD, which is the most commonly performed non-invasive endothelial function test. In addition, we recruited only apparently healthy men and did not show a direct cause-and-effect relation between digital reactive hyperemia PAT and cardiovascular events.
In conclusion, age, small LDL cholesterol concentrations, and heart rate were independent determinants of endothelial dysfunction in healthy men when analyzed using digital reactive hyperemia PAT. Several components of the plasma lipid profile were significantly associated with endothelial dysfunction, but only small LDL cholesterol concentration was found to be an independent determinant. ated by the method of non-denaturing gradient gel electrophoresis 22) ; however, this method provides only the size of the predominant LDL species, not the lipid concentrations. Some studies used nuclear magnetic resonance (NMR) spectroscopy 23) , which can measure the diameter using a signal from the phospholipid surface coat of lipoproteins and can determine lipid concentrations using the number of methyl groups with lipoproteins; however, it is unclear whether NMR spectroscopy offers any advantages over conventional measures of LDL in assessing cardiovascular disease risk. In the present study, we used the method of HPLC with a gel permeation column. Lipoprotein analysis performed according to HPLC shows that small LDL cholesterol is an independent predictor of RHI, suggesting that this method using PAT would be clinically beneficial for the assessment of endothelial function.
Recently, Ferré et al. have shown using PAT as in this study that reactive hyperemia is not related with LDL cholesterol, but with HDL cholesterol and apolipoprotein A1 19) . They studied both male and female subjects, some of whom were under treatment for their cardiovascular risk factors by agents including statins and renin-angiotensin inhibitors with potential effects on endothelial dysfunction. In addition, the mean BMI of their subjects was above 30 kg/m 2 , indicating that they assessed obese subjects, who were quite different from our subjects.
On the other hand, small LDL particles have already been reported to be associated with endothelial dysfunction in men using mercury strain gauge plethysmography 24) and in postmenopausal women by FMD 25) . Both studies used non-denaturing gradient gel electrophoresis to determine the size of small LDL particles. In this study, we reported for the first time the close relationship between small LDL cholesterol concentrations and RHI by PAT. Previous studies have shown that a prevalence of small LDL particles is strongly associated with an increase in triglyceride or intermediate density lipoprotein (IDL) cholesterol concentrations 26) , and inversely associated with HDL cholesterol concentrations 27) as characterized in subjects with insulin resistance or metabolic syndrome, but endothelial function assessed by RHI did not exhibit any relationships with them ( Table 3 ). The present study suggests that RHI is affected by small LDL cholesterol concentrations, but not by the presence of insulin resistance or metabolic syndrome. Several mechanisms linking small LDL to endothelial dysfunction have been proposed, and the most likely explanation among them appears to be the greater susceptibility of small LDL to oxidation 21) . Our results also indicate that the variance of RHI
